Abstract. There is growing evidence that cerebrovascular reactivity to carbon dioxide (CVR CO 2 ) is impaired in Alzheimer's disease (AD). Preclinical and animal studies suggest chronic hypercontractility in brain vessels in AD. We review (a) preclinical studies of mechanisms for impaired CVR CO 2 in AD; (b) clinical studies of cerebrovascular function in subjects with AD dementia, mild cognitive impairment (MCI), and normal cognition. Although results of clinical studies are inconclusive, an increasing number of reports reveal an impairment of vascular reactivity to carbon dioxide in subjects with AD, and possibly also in MCI. Thus, CVR CO 2 may be an attractive means to detect an early vascular dysfunction in subjects at risk.
INTRODUCTION
Vasoreactivity is a vasodilatory or constrictor reaction of a blood vessel to a stimulus. In neuroscience, the often-studied measure of cerebrovascular reactivity is the response of brain vessels to changing arterial tension of carbon dioxide, the CVR CO 2 , which is a topic of this review. Carbon dioxide elevation causes vasodilatation and an increase in cerebral blood flow (CBF), while CO 2 reduction results in vasoconstriction and CBF decrease. This process is crucial for maintaining pH and respiratory drive [1] . The response of the cerebral circulation to a changing arterial CO 2 concentration is not linear: the circulatory response to hypercapnia is greater than the reaction to hypocapnia [2] [3] [4] . The percentage of CBF increase in the human brain is estimated at about 6% per 1 mm Hg rise in arterial tension of CO 2 (Pa CO 2 ); hypocapnia decreases CBF by approximately 3% per 1 mm Hg change in Pa CO 2 [5] . With end-tidal CO 2 (Pet CO 2 ), the effects are 5% CBF increase per 1 mm Hg rise in Pet CO 2 , and 2% CBF reduction per 1 mm Hg Pet CO 2 decrease [6] . Pet CO 2 measurements are often used instead of Pa CO 2 to avoid invasive sampling. However, despite the tight relationship between the two, relying on Pet CO 2 leads to overestimation of Pa CO 2 in hypercapnic conditions [7] and underestimation of CVR CO 2 in hypercapnia [8] .
Although commonly studied, the mechanisms behind CVR CO 2 are not completely understood (Fig. 1) . The effect of increased CO 2 on vessels is most likely mediated through the increase in perivascular pH, activation of potassium ATP [9] and non-ATP channels [10] , influx of potassium, hyperpolarization of the endothelial cell [1] , and subsequent decrease in intracellular calcium levels in vascular smooth muscles leading to their relaxation (for review, see [10] ). There is growing evidence that nitric oxide (NO) is an Fig. 1 . Schematic representation of proposed mechanisms involved in hypercapnic vasodilatation and hypocapnic vasoconstriction. Increase in CO 2 results in increased pH and activation of potassium channels. Endothelial cells become hyperpolarized due to the rise in intracellular potassium levels. The hyperpolarizing current is transmitted to VSMC, causing closure of Ca ++ channels, decrease in intracellular calcium and muscle relaxation [1] . Increase in CO 2 also activates nitric oxide synthase [11] . Increased NO concentration in VSMC leads to activation of guanyl cyclase, increase of cGMP, phosphorylation of calcium channels, decreased Ca ++ and myorelaxation of VSM [10] . During hypocapnia, reduced CO 2 and the resulting increased pH stimulate production of inositol triphosphate [113] , which increases intracellular Ca ++ concentration in VSM, leading to muscle constriction [13] . CO 2 , carbon dioxide; Ca ++ , calcium; K+, potassium; NO, nitric oxide; NOS, nitric oxide synthase; cGMP, cyclic guanosine monophosphate; VSMC, vascular smooth muscle cells; VSM, vascular smooth muscle. important mediator of CO 2 -related vessel dilatation [1, [10] [11] [12] and that it is released by the brain during hypercapnic challenge [2] . The sources of this NO increase are still debated: some argue that neurons are possible NO suppliers (reviewed in [10] ), while others suggest that the endothelium may play an important role, and that endothelial dysfunction compromises CVR CO 2 [12] . The response to hypocapnia likely involves a pHrelated rise in inositol triphosphate leading to increased calcium concentration in vascular smooth muscle cells and vasoconstriction [13] . Altogether, the mechanisms involved in hypercapnic vasodilatation are much better described than the pathways of hypocapnic vasoconstriction. It has been suggested that vessels react more strongly to the vasodilators released during hypercapnia than to the constrictors acting during hypocapnia [14] .
Vasoreactivity is also referred to as cerebrovascular reserve [15] , emphasizing the capability of the vascular system to increase its performance above resting blood flow in response to a challenge. Thus CVR CO 2 can be considered a measure of vascular health. There is indeed a body of data showing that CVR CO 2 is impaired in conditions affecting cerebral vasculature [16] [17] [18] [19] [20] . Interestingly, there is also growing evidence that CVR CO 2 may be impaired in neurodegenerative diseases like Alzheimer's disease (AD). It should be noted that CVR CO 2 is a different phenomenon from the vascular response to changes in blood pressure (autoregulation) [4, 11] . There is also evidence that CVR CO 2 is distinct from neurovascular coupling (the increase in blood flow in response to increased brain activation) [21] .
In this review, we will first outline data from preclinical experiments that may illuminate possible causes of impaired CVR CO 2 in AD, even though it will not be possible to encompass all the mechanisms at play. Second, we will present clinical studies that examined CVR CO 2 in subjects with normal cognition, mild cognitive impairment, (MCI), and AD dementia. They are presented by method and, when possible, in chronological order.
MECHANISMS OF CVR CO 2 REDUCTION IN ALZHEIMER'S DISEASE

Vascular risk factors and atherosclerosis
The prevalence of both neurodegeneration and vascular diseases rises with age. The coexistence of these two conditions, even without considering a possible causal relationship between them, can explain the vessel dysfunction observed in AD. Hypertension, hypercholesterolemia, obesity, and diabetes all contribute to small and large vessel damage [22] [23] [24] [25] , leading to impairment of CBF regulation and vessels' contractility [26] . Furthermore, vascular disease does not only coexist with the neurodegenerative process, but also contributes to it [27] [28] [29] and, as recently suggested, may even initiate it [30] . Epidemiological evidence indicates that conditions leading to atherosclerosis are associated with higher incidence of cognitive impairment, dementia, and AD [31] [32] [33] [34] [35] . Irrespective of the initiating trigger, the AD process, once underway, brings into play a number of mechanisms influencing vessels' contractility and consequently CBF and CVR CO 2 .
Amyloid
Together with neurofibrillary tangles, amyloid-␤ (A␤) deposition is a key feature of the AD process [36] . Amyloid deposits form extracellular plaques [37] and also accumulate in vessel walls [30] . In addition to its neurotoxic effects, A␤ has also vasoactive properties. It has been shown that A␤ increased vasoconstriction of rat aorta pretreated with the vasoconstrictor phenylepinephrine [38] or endothelin-1 [39] . Furthermore, in guinea pigs, both A␤ 42 and A␤ 40 augmented contraction of isolated aorta induced by application of norepinephrine [40] . Vasoactive properties of A␤ are not limited to the aorta; the amino acid sequence 25-35 constricted skin microvasculature in rats [41] , and A␤ 42 and A␤ 40 also exerted a constrictive effect on the pulmonary artery [40] . Niwa et al. showed that similar effects can be observed directly in the cerebral vasculature and that pharmacological pretreatment is not necessary. Superfusion of mouse neocortex with both A␤ 40 and A␤ 42 reduced CBF and further potentiated CBF reduction caused by a tromboxane analogue [42] . It was also subsequently reported that mice overexpressing amyloid-␤ protein precursor (A␤PP) exhibit an impairment of cerebral autoregulation. Niwa et al. found a linear relationship between brain A␤ 40 and A␤ 42 levels and the disruption of the vessels' response to changes in blood pressure. Interestingly, the effects occurred with no parenchymal or vessel amyloid deposition [43] . These findings were later extended to show that resting CBF and glucose utilization were also decreased, by 20-45% and 30-35% respectively, in mice expressing mutated human A␤PP and high brain amyloid levels [44] . Like in the preceding report [43] , no brain or vessel deposits were necessary to cause the functional impairment. This stands in contrast to a later study by Shin et al. [45] . They found that the response of the cerebral vasculature to CO 2 challenge or to whisker stimulation in young transgenic mice overexpressing a mutant human A␤PP, who have increased soluble amyloid but no amyloid deposition, did not differ from the response of wild type animals. The CVR CO 2 differences were apparent only in mice with developed amyloid deposits. Even though it is uncertain whether parenchymal or vascular deposits are a prerequisite for the impairment of vessels' contractility, it seems that the most abundant A␤ peptides act as vasoconstrictors both in systemic and cerebral circulation.
Endothelin
Endothelin-1 (ET-1) is the most potent vessel constrictor in humans [46] . It is produced by enzymatic cleavage of the precursor protein big-ET-1 by endothelin-converting enzymes (ECE) [47] . Their role in AD has been brought to light with the observation that both ECE-1 (produced by endothelial cells) and ECE-2 (a product of neural tissue) are able to catabolize A␤ [46, 48] . It was suggested that an increase in ET-1 production, possibly leading to CBF disturbances [47] , may be a side effect of ECE-A␤ interactions [49] . Palmer et al. showed that both ECE-2 mRNA and ECE-2 protein are increased in AD brain tissue as compared to control brains. Furthermore, exposure to A␤ 42 caused an increase in ECE-2 mRNA in cell culture, suggesting that higher ECE-2 levels in the AD brain may be an adaptive response to a higher amyloid load [49] . In a subsequent study, the same group reported a nearly 6-fold increase in the expression of the ET-1 precursor gene mRNA in the AD brain. ET-1 and ECE-2 levels were positively correlated and the addition of A␤ 42 was shown to release ET-1 in cell culture [46] . Others also observed increased ET-1 expression in microvessels of AD brains as compared to controls [50] . In this study, ET-1 had a neuroprotective effect: in cell culture, preconditioning with a low dose of ET-1 attenuated the deleterious effects of a subsequent administration of thrombin. The authors argued that the expression of other substances, like cytokines, may determine whether ET-1 acts in a protective or harmful way. Overall, it seems that in AD, both ECEs and endothelin are upregulated in response to increased amyloid concentration, and possibly contribute to the impairment in CBF and CVR CO 2 .
Serum response factor and myocardin
Myocardin and serum response factor are nuclear transcription factors which act in concert to regulate the expression of cardiomyogenic and smooth muscle genes [51] . It has been shown that both of these factors are upregulated in vascular smooth muscle cells (VSMC) isolated from the cortical pial arteries of AD patients [52] . This upregulation was accompanied by an increase in proteins orchestrating smooth muscle contraction in the vascular wall. Furthermore, experimental overexpression of myocardin in culture of cerebral VSMC from age-matched controls resulted in the hypercontractile phenotype. These effects did not seem to result from A␤ deposition. Subsequently, the same group observed that the capacity of VSMC from AD cerebral arteries to clear A␤ was reduced by 70%, and showed that serum response factor/myocardin reduced A␤ clearance by interfering with the function of lipoprotein receptor-related protein 1 [53] . Altogether, changes in transcription factors are yet another putative path leading to a pro-contractile state and vascular dysfunction in AD.
Thrombin
Thrombin is a product of the proteolytic cleavage of prothrombin. In addition to its role in the coagulation cascade, it also acts though proteinase activated receptors (PAR 1 and PAR 4) [54] . Activation of PAR affects expression of multiple genes for cytokines, possibly promoting a pro-inflammatory phenotype. PAR stimulation can also lead to vasoconstriction or vasodilatation, depending on the artery. Procontractile properties of thrombin in healthy systemic or cerebral circulation are rather weak [55] . However, it has been shown that in some cases thrombin can act as a significant vasoconstrictor. For example, it has the capacity to induce contraction of the porcine pulmonary artery though generation of reactive oxygen species [56] . Most interestingly, thrombin plays an important role in cerebral vasospasm after subarachnoid hemorrhage, and its levels in cerebrospinal fluid correlate with the vasospasm severity [55] . Furthermore, in many vascular diseases, expression of PAR receptors is increased, and their activation by thrombin may contribute to the hypercontractile state and thickening of the vessel wall (for review, see [54] ). Although the primary source of prothrombin is the liver, this protein is also expressed in neural cells and astrocytes [57] . The relevance of thrombin in the AD process was highlighted by observations that a) upon thrombin activation platelets secrete amyloid precursor protein and A␤ [58] , b) thrombin is neurotoxic and its administration causes cognitive deficits in rats [59] , c) it is found both in neurofibrillary tangles and senile plaques [57] , d) its levels are elevated in microvessels isolated from AD brains [60] , and finally e) it is synthesized in endothelial cells in AD but not in controls [61] . The reasons for this increased concentration are not fully understood, but overall, it is likely that thrombin may be an additional factor contributing to the procontractile state.
Cholinergic dysfunction
The cholinergic contribution to vascular impairment in AD has been comprehensively reviewed [29, [62] [63] [64] . As summarized by Claassen and Jansen [62] , the cholinergic deficit in AD not only reduces cholinergic innervation of cortical neurons, but also results in reduction of cholinergic input to cortical blood vessels. Animal studies revealed that cholinergic neurons originating in the basal forebrain and the substantia innominata project to cortical microvessels directly [65] or through interneurons secreting nitric oxide [66] . The densest projections to cortical vessels were found in the fronto-parietal cortex [65] . Moreover, stimulation of cholinergic neurons in the basal forebrain causes CBF increases in the animal neocortex, while inhibition or destruction of the same neurons results in CBF decrease [29, 62] . The vasodilatation is mediated directly by muscarinic receptors [62, 63] and most likely indirectly by nicotinic receptors [63, 67] . The observations presented above, coupled with the fact that extensive loss of cholinergic fibers projecting to cortical areas is a long known hallmark of AD [68] , and that in humans, cholinergic projections to the cortex begin almost exclusively in the basal forebrain (in [65] ), clearly support the notion that dysfunction of the acetylcholine system can contribute to the impairment of CBF and CVR CO 2 . A revised form of the cholinergic hypothesis suggests that cholinergic dysfunction is not a causative factor for AD. Instead, progressive age-related decline of acetylcholine system compromises compensatory mechanisms for multiple types of injuries, thus facilitating cognitive impairment [69] . Although the authors do not list CVR CO 2 among the many mechanisms influenced by the cholinergic system, one could argue that it should be included. As supporting evidence, we can cite reports of CBF increases or preservation after treatment with acetylcholinesterase inhibitors in dementia patients [70] [71] [72] [73] [74] , or the CBF reduction in healthy volunteers after scopolamine administration [75] [76] [77] . Furthermore, galantamine normalized CVR CO 2 both in patients with AD and patients with vascular dementia [78] . As reviewed by Claassen et al. [62] , increases in CBF induced by cholinomimetics do not seem to result from augmentation of metabolism but rather from direct effects of these drugs on brain vessels. Altogether, there is a substantial body of evidence to support the hypothesis of cholinergic involvement in the regulation of CBF and vasoreactivity in AD.
Inflammatory factors
The role of the inflammatory process in AD is widely acknowledged [79, 80] and it is beyond the scope of this review. For the sake of completeness, however, we would like to mention that changes in inflammationrelated signaling proteins found in the blood of AD patients [81] most likely affect vascular tone and contractility, either directly or indirectly by changing the expression of other molecules.
Anatomical changes in microvasculature
Specific structural changes occur in microvasculature in AD. In up to 95% of AD patients, amyloid is deposited in medium and small vessels of the cortex and leptomeninges, causing cerebral amyloid angiopathy. In these vessels amyloid accumulates in the tunica media adjacent to smooth muscle cells, in some cases inside the smooth muscle cells, and in the adventitia [82] , forming transverse bands [83] . In the capillaries, Scheibel at al. observed swelling and vessel distortion. The capillary surface was encrusted with rounded nodules filled with amyloid. Other vessels appeared perforated with cavities most likely created by the detachment of amyloid nodules. Lesions spanned the width of the basement membrane, while the endothelial cells were spared. In addition, the perivascular plexus was lost where pathology was the most severe [84] . Interestingly, capillary amyloid angiopathy seem to better correlate with clinical severity and neuropathological grading of AD than with angiopathy of bigger vessels [85] .
Other distinctive features of microcirculation in AD were also described (for review, see [29] ). Some authors found swelling of astrocytic end-feet with deposition of glycogen granules, distorted and degenerated pericytes, irregularity and hypertrophy of the basement membrane [86] , irregular and degenerated layers of smooth muscles, or endothelial cells with irregular nuclei [87] . Large vessels were not affected; lesions were prominent in arterioles and capillaries, where the wall was uneven with focal constrictions [86, 87] . These findings were further confirmed and extended by Buee et al. [88] , who reported thickening of the basement membrane, thinning of the microvessels also known as string vessels, increased vessel tortuosity, decreased number of long microvessels, and reduced number of branches. Vessel architecture seemed to be relatively preserved in the occipital cortex, where AD pathology was also less pronounced. Microvascular changes were found mostly in the regions with more AD lesions: highly metabolic areas and the hippocampus.
In conclusion, both functional and anatomical alterations in AD may contribute to the dysfunction of the vascular system through different mechanisms compromising flow and contractility. It is unclear whether structural lesions in microvessels are the result or the cause of biochemical and molecular changes. The relationship is most likely bidirectional. Since presented data concerning possible mechanisms of vessels dysfunction comes largely from animal or postmortem studies, the importance of these pathways in humans still remains to be determined.
CVR CO 2 STUDIES IN ALZHEIMER'S DISEASE
Xenon 133 and HMPAO ( 99m Tc-hexamethylpropyleneaminoxime) imaging
One of the first reports regarding CVR CO 2 in dementia came from a study using hypocapnic challenge [89] . Simard et al. observed that voluntary hyperventilation produced declines in CBF, and concluded that vasoreactivity was not impaired. The subjects under study consisted of a mixed group with "presenile" and senile dementia (presumed AD n = 15), vascular dementia (n = 3), Korsakoff psychosis (n = 4), and other dementing conditions (n = 2). CBF was measured with multi-probe scintillation detectors after intracarotid Xenon 133 (Xe 133 ) injection. Even though no reactivity impairment was reported, the authors found that most AD cases had reduced baseline flow based on a predefined threshold of 50 ml/100 g/min. No control group was available for comparisons. Using the same Xe 133 technique, Hachinski et al. reported foci of diminished reactivity in response to decreased CO 2 levels among AD subjects [90] . Abnormal areas were located in the temporal lobes where baseline perfusion was also low. However, when average hemispheric flow was compared between baseline and challenge conditions, patients with AD (n = 8) and vascular dementia (n = 9) both showed significant reduction in CBF. The overall reactivity was deemed to be close to normal. The AD group did not differ from the control group (n = 5) in baseline average hemispheric CBF. A later study used the Xe 133 inhalation method in conjunction with bilateral scintillation detectors [91] . The authors examined CVR CO 2 in 5 AD patients, 10 subjects with other types of dementia, and 21 normal volunteers. Hypercapnic challenge was used: participants breathed air mixed with 5% CO 2 . Surprisingly, 2 out of 5 AD patients showed higher vasoreactivity as compared to both the control and multi-infarct dementia groups. A low resting flow was given as an explanation for this finding. Reduced CVR CO 2 was found in subjects with multi-infarct dementia.
Bonte et al. examined 35 AD patients, 16 stroke patients, and 15 normal controls. To measure blood flow, the authors used single photon emission computed tomography (SPECT) after Xe 133 inhalation. Acetazolamide was used to increased blood concentration of CO 2 . In AD patients, acetazolamide increased CBF in over half of the regions of interest (ROI) that displayed low CBF at rest (below 2 standard deviations [SD] relative to the normal group), and in 3 out of 7 ROIs where baseline CBF was below 4 SD. This effect was absent in stroke patients who, in addition to a lack of CBF increases, showed additional areas of CBF reduction after acetazolamide injection [92] . No direct comparisons of percentage of CBF increase were performed between normal and AD subjects. The authors concluded that vasoreactivity was preserved in AD.
In contrast to these results, Stoppe et al. [93] found a significant CVR CO 2 impairment in AD. Twelve patients with AD and 9 controls were studied. Here, blood flow was measured with a gamma camera after intracubital injection of 99m Tchexamethylpropyleneaminoxime (HMPAO). Hypercapnic challenge was achieved with acetazolamide injection. In this study, the percentage increase in CBF between baseline and challenge condition was calculated in each ROI, and directly compared between groups. Not only was the resting CBF lower in the AD group, but the percentage increase in CBF in response to acetazolamide was also uniformly reduced in dementia patients across almost all ROIs. Vasoreactivity correlated with Mini-Mental Status Examination (MMSE) score in AD subjects, despite high variability of the data. Knapp et al. employed the same imaging technique and the same activation method (although acetazolamide dose was reduced by 50%, to 500 mg). The conclusions, however, were different. Baseline flow was compared among 30 AD patients, 50 subjects with MCI, and 14 healthy controls. The MCI group, as compared to controls, showed decreased CBF in the temporal and parietal regions. In the AD group, flow reduction was also seen in the prefrontal areas. Hypercapnic challenge was performed in 11 MCI and 12 AD subjects. They were analyzed together. In the entire group, acetazolamide injection resulted in significant CBF increase in the prefrontal, frontal and temporal regions; CBF increased to some degree in all areas. The authors concluded that there were no vasoreactivity deficits [94] . Unfortunately, there were no direct comparisons between patients and the control group.
The same HMPAO-SPET (single photon emission tomography) technique was used by Pavics et al., who investigated the value of acetazolamide challenge in discrimination between AD (n = 33) and vascular dementia (n = 18). Both visual examination and quantitative assessments of means within predefined ROIs were performed. Means were compared to the means obtained from the group of 20 healthy controls. Impaired vasoreactivity was defined as an increase in the number of abnormal regions or an increase in the severity of the abnormality after drug injection. Altogether, by visual comparisons of pre-and post-acetazolamide scans, 73% of AD patients showed preserved vasoreactivity as compared with only 22% in the vascular dementia group. In quantitative assessment these numbers were 76% and 29%, respectively [95] . Again, no data on the magnitude of the CBF increase in the control group were provided. Direct comparisons between 10 controls and 10 AD patients were given by Oishi et al. They studied response to acetazolamide using Xenon inhalation and subsequent CT scanning. As in the study by Stoppe et al. [93] , contrasting rates of CBF increase between patients and controls revealed significant CVR CO 2 differences in the frontal, parietal, and temporal cortices. Baseline flow in these regions was also lower than in controls. Neither resting CBF nor CVR CO 2 differed in the thalamus, caudate, or putamen [96] . Overall, these studies provided confusing results, with no convincing evidence for diminished CVR CO 2 in AD. 15 O-labeled water is one of the most commonly used tracers for the measurement of CBF by PET [97, 98] . With this method, it is necessary to measure the arterial input function in addition to the radioactivity distribution in the brain. Probably due to the complexity of dual injection experiments, there are very few PET studies of CVR CO 2 . Kuwabara et al. used PET to compare CVR CO 2 among 5 AD patients, 5 subjects with Binswanger's disease, and 5 age-matched normal controls. CVR CO 2 was defined as the percent change in CBF per 1 mm Hg change in Pa CO 2 in response to inhalation of air with 5% CO 2 . Although resting CBF was significantly lower in the AD group than in healthy agematched controls in the frontal, temporal, and parietal cortices, as well as in the periventricular white matter, the CVR CO 2 did not differ between the two groups. Both resting flow and vasoreactivity were diffusely reduced in the vascular dementia group [99] . This lack of difference between AD and controls was also observed in another PET study by Jagust et al. Here the tracer was N,N,N -trimethyl-N -(2-hydroxy-3-methyl-5-iodobenzyl)-1,3-propane-diamine (HIPDM) labeled with a positron-emitting isotope of iodine. Again, though resting CBF levels were lower in AD than in controls, reactivity to hypercapnia did not differ [100] . In a recent work by Rodell et al., it is implied that CVR CO 2 in AD is preserved, or at least not completely abolished. The authors attempted to factor out the effects of CO 2 on flow, and showed that after accounting for CO 2 levels, CBF variability in AD is reduced, which in itself may be pathology [4] .
PET (positron emission tomography) studies
In summary, the gamma camera (Xe 133 ), SPECT and PET studies did not show much evidence for impaired CVR CO 2 in AD. While interpreting these findings, several factors should be considered: First, in the earlier publications, the definition of AD was not clearly presented or not fully comparable to the present criteria for probable AD. Terms like senile dementia, presenile dementia, and degenerative dementia were used. Second, both hypo-and hypercapnic challenges were employed, and it is known that the associated CBF changes are not fully comparable [2, 3] . Patients' comorbidities may have been different. Furthermore, these early techniques of CBF assessment have poor precision and accuracy; they may involve dual injection, facing potential problems related to the need to correct for residual activity from the first acquisition. Methods of radiation detection also varied across studies. Many of the Xe 133 and HMPAO studies are difficult to interpret due to the fact that no group comparisons of CBF change in response to the challenge were presented. The authors reported only the changes from pre-to post-challenge within diagnostic groups, and drew conclusions based on this somewhat limited view. When rates of CBF change are directly compared between AD and control groups, the results are equivocal. Two out of 4 reports utilizing molecular imaging methods (Table 1) showed reduced CVR CO 2 in AD when compared directly with the control group.
Transcranial doppler studies
While not strictly a CBF technique, transcranial Doppler (TCD) studies lend more consistent support to the notion that CVR CO 2 is impaired in AD patients. TCD is an inexpensive and easy to use modality. A major advantage of TCD is its very high temporal resolution, which makes it suited to study rapid changes in cerebral hemodynamics. This has led to its use in the measurement of CVR CO 2 . One potential problem in this setting is that TCD measures blood flow velocity and not absolute blood flow. Early angiography studies demonstrated that the change in the middle cerebral artery diameter during routine carbon dioxide inhalation experiments is negligible [101] . However, this observation has been contested [102] , and others have shown that large cerebral arteries dilate in response to increased Pa CO 2 [7] . Unfortunately, due to significant pulsation artifacts, there is currently no reliable method (achieving precision of 1%) to measure the diameter of cerebral arteries. There remains a concern that arterial stiffness may vary across individuals and groups. Given this potential bias, the TCD method to estimate cerebral blood flow and microvascular reactivity should be interpreted with caution unless changes in the vessels' diameter during the intervention can be precisely monitored on an individual basis. Using TCD, Vicenzini et al. [103] examined a large group of 60 AD, 58 vascular dementia, and 62 healthy control subjects, comparable for age and gender distribution. The authors assessed reactions to both hypercapnia (inhalation of gas mixture enriched with 6% CO 2 ) and hypocapnia (hyperventilation). In both dementia groups MFV (mean flow velocity) in the middle cerebral artery at rest was lower than in controls. Moreover, vasoreactivity was significantly different during the hypercapnic challenge, even after controlling for risk factors. Both AD and vascular dementia patients had lower responses as compared with healthy peers. There was no difference between the two impaired groups. A similar trend was observed during the hyperventilation. This observation was confirmed Table 1 Studies comparing cerebral blood flow (CBF) and cerebral vasoreactivity to carbon dioxide (CVR by another experiment [78] of 17 AD patients, 17 vascular dementia patients, and a group of age-matched and younger controls (n = 20). CVR CO 2 differed significantly between age-matched controls and either dementia group, again with no differences between AD and vascular dementia patients. The authors also tested whether galantamine (an acetylcholinesterase inhibitor) could improve CVR CO 2 in both dementia groups. After 5 weeks of galantamine treatment, CVR CO 2 improved significantly in both groups, with no differences between the two diagnostic categories [78] . The lack of differences in CVR CO 2 between AD (n = 9) and vascular dementia (n = 9) was also reported in another recent TCD study, where challenge was elicited by acetazolamide injection. Increases in MFV were observed in both groups, and they were not statistically different. No control group was available for comparisons [104] .
Vasoreactivity seems to correlate with cognitive decline. In a group of 53 AD subjects, breath holding index (BHI) was the best predictor of a 2-year change in MMSE and ADAS-Cog scores. BHI was defined as the ratio ((MFV post − MFV pre )/MFV pre )/DT where MFV pre , MFV post , are MFV values before and during breath-holding, and DT is the length of time subjects held their breath. When BHI fell below 1, a steep decline in MMSE was observed. For values >1, there was a weak correlation between cognitive decline and CVR CO 2 [105] . Altogether, TCD experiments reveal noticeable hypoperfusion at challenge in AD, when compared with age-matched healthy elderly. It remains to be seen whether these changes represent large vessel or microvascular disease.
Magnetic resonance imaging
Arterial spin labeling (ASL) provided a means of non-invasive investigation of global and regional cerebral blood flow. Similarly, blood oxygenation level dependent (BOLD) functional MRI (fMRI) allows for regional examination of changes in the magnetic properties of the blood occurring with flow changes. BOLD response is primarily driven by CBF, but it is also strongly modulated by the amount of deoxyhemoglobin present. Surprisingly, there are few reports of vasoreactivity in AD subjects using MRI methods. In a recently published study, Yezhuvath et al. [106] studied 17 AD patients and 17 age-matched healthy controls. Baseline flow was determined with EPI ASL, reactivity to hypercapnia was examined with fMRI, and CVR CO 2 was calculated in units of percent BOLD signal change per mm Hg of end-tidal CO 2 change.
The challenge was induced with the inhalation of air containing 5% CO 2 . The whole brain vasoreactivity maps were created after normalization of CVR CO 2 to the cerebellar value. Patients' CVR CO 2 differed significantly from controls in the frontal cortex, anterior cingulate, and insula. Group differences in resting flow were observed mostly in the parietal and temporal cortices. CVR CO 2 in the frontal and insular cortices correlated with Boston Naming Test scores [106] . A similar methodology was employed in another study that used Q2TIPS ASL to examine cerebral perfusion in 9 AD, 7 MCI, and 11 normal controls. In contrast to the Yezhuvath et al. study, no baseline CBF differences were found. This was most likely due to limited statistical power, as there was a trend for resting flow to be lower in the AD group. However, CVR CO 2 of the global gray matter was significantly lower in AD and MCI subjects than in healthy peers and did not differ between impaired groups. Comparisons of vasoreactivity maps showed widespread reduction in the AD group, comprising mostly posterior areas (parietal and occipital cortex, posterior cingulate). In the entire group, CVR CO 2 correlated positively with MMSE scores and negatively with hippocampal atrophy [107] . Our study [108] investigated perfusion and CVR CO 2 in an axial slice comprising both hippocampi. Unlike the two previously described reports, we used true fast imaging in steady-precession (TrueFISP) ASL sequence. While the EPI and Q2TIPS techniques afford greater brain coverage at a shorter acquisition times, the key advantage of TrueFISP ASL is the spatial resolution (1.2 mm in-plane, Fig. 2 ). The resolution is important to separate the contribution of the arterial vessels passing near the medial aspect of the hippocampus that confound PET and SPECT measurements (Fig. 3) . Our technique allows these vessels to be separated from hippocampal region. In addition to spatial resolution, the sequence is not affected by susceptibility artifacts found in the vicinity of the temporal bone and hippocampus [109] . Our rationale for using this technique was to examine vasoreactivity and CBF in the hippocampus, a structure affected early in the course of the disease [110] [111] [112] . CVR CO 2 and CBF were determined in 7 subjects with MCI and 17 healthy controls. Re-breathing through a mouthpiece and a tube was used to induce hypercapnia (Fig. 4 presents baseline hippocampal CBF and the CBF during a re-breathing session in subjects studied at our Center; Glodzik, Rusinek, de Leon, unpublished data). Vasoreactivity was defined as a percentage increase in CBF in a given ROI, per 1 mm Hg increase in end-tidal CO 2 . Although resting hippocampal and neo- cortical CBF did not distinguish the groups, averaged hippocampal CVR CO 2 was significantly lower in the MCI patients. Across the control and MCI groups, CVR CO 2 correlated with vascular risk as measured with Framingham Cardiovascular Risk Score. There were no differences in this study between MCI and control participants in their Framingham Risk ratings [108] . Overall, the evidence from MRI studies is still limited but the existing reports point toward vasoreactivity impairment in AD and MCI. However, at present there is no agreement on the regional distribution of these deficits.
CVR CO 2 OR CBF IMPAIRMENT: WHICH COMES EARLIER?
One of the most interesting questions arising when one examines the issue of CBF and vasoreactivity in AD is whether employing challenge techniques affords additional benefits and provides supplementary information beyond what can be provided by resting CBF. As pointed out earlier, vasoreactivity, or cerebrovascular reserve [15] , is the capacity of brain vasculature to enhance flow above basal levels in response to a challenge. Thus, it is possible that CVR CO 2 measurement could reveal dysfunction earlier than CBF in still relatively healthy tissue and could serve as a sort of "stress test" for brain circulation. In Table 1 we summarized nine studies, where the authors directly compared CBF and CVR CO 2 between healthy controls, MCI, and AD patients. In all but two, CVR CO 2 was significantly lower in the AD group. In most of them, resting flow deficits were also already present. However, this does not rule out the possibility that vasoreactivity is affected earlier. When a diagnosis of AD is given, both flow and response to the challenge may be already compromised. Of note, in two studies where MCI were examined, an interesting pattern emerged: while CBF seemed to be preserved, CVR CO 2 was impaired. Although more research is needed to confirm this hypothesis, CVR CO 2 measurement may detect an early dysfunction of the vascular system in subjects at risk for AD.
CONCLUSIONS
Preclinical and animal experiments provide evidence for hypercontractility of cerebral (and possibly systemic) vessels in AD. Even though results of clinical studies are inconsistent, an increasing number of recent reports with larger sample sizes and improved brain sampling, directly comparing CVR CO 2 in control and impaired groups, reveals an impairment of vascular reactivity to carbon dioxide in subjects with AD, and possibly also in MCI. Thus, CVR CO 2 may be able to detect an early dysfunction of the vascular system in subjects at risk. As such, it may facilitate further research on vascular mechanisms in AD. Due to the lack of large studies in AD and populations at risk, and the non-specific nature of CVR CO 2 impairment, it is too early to judge its utility as a diagnostic test. Future studies should focus on elucidating the regional distribution of CVR CO 2 reductions in AD. In addition, when effective treatments become available it will be crucial to determine whether they can modify vascular reserve.
